Pagan is one of the largest volcanoes along the Mariana arc volcanic front. It has a maximum elevation of 570 m (Mt. Pagan), but its submarine flanks descend to 2000^3000 m below sea level, and are unexplored. Bathymetric mapping and ROV Hyper-Dolphin dives (HPD1147 and HPD1148) on the submarine NE and SW flanks of Pagan were carried out during cruise NT10-12 of R.V. Natsushima in July 2010. There are no systematic compositional differences between subaerial lavas reported in the literature and differentiated submarine lavas collected in HPD1148, with 57 wt % MgO, suggesting they are derived from the same magmatic system. However, these differentiated lavas show complexities including magma mixing; thus we concentrate on magnesian submarine lavas (47 wt % MgO). Twenty least-fractionated basalts (48·5^50 wt % SiO 2 ) collected during HPD1147 extend to higher MgO (10^11wt %) and Mg# (66^70) than the subaerial lavas. Olivine (up to Fo 94 ) and spinel (Cr# up to 0·8) compositions suggest that these Pagan primitive magmas formed from high degrees of mantle melting. Two basalt types can be distinguished based on their geochemistry at similar (10^11wt %) MgO; these erupted recently, 500 m apart. Both contain clinopyroxene and olivine phenocrysts and are referred to as COB1 and COB2. Lower TiO 2 , FeO, Na 2 O, K 2 O, incompatible trace element abundances, and Nb/ Yb suggest that COB1 formed from higher degrees of mantle melting. In addition, light rare earth element (LREE) enrichment and higher Th/Nb in COB2 contrast with LREE depletion and lower Th/Nb in COB1. Higher Ba/Th and Ba/Nb and lowerTh/Nb indicate that the main subduction addition in COB1 was dominated by hydrous fluid, whereas that in COB2 was dominated by sediment melt. Sr^Nd^Pb^Hf isotopes are also consistent with this interpretation. These observations suggest that the subduction component responsible for the greater degree of melting of the COB1 source was mostly hydrous fluid. The origin of such different metasomatic agents resulted in different primary magmas forming in the same volcano. Both hydrous fluid and sediment melt components may have unmixed from an originally homogeneous supercritical fluid in or above the subducting slab below the volcanic front. These may have been added separately to the mantle wedge peridotite (mantle diapir) and resulted in two neighboring but completely different primary magmas from the same diapir. Moreover, these primitive lavas suggest that even for intra-oceanic arcs assimilation^fractional crystallization is inevitable when these magmas evolve in the crust and, in addition, that phlogopite is present in their mantle residue and thus played an important role in their genesis.
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I N T RO D UC T I O N
Finding and studying unfractionated arc basalts is fundamental to understanding the nature of their mantle source and the processes that yield primary magmas above subduction zones. Unfortunately, arc lavas are characteristically evolved, multiply-saturated, and rich in phenocrysts, and primitive basalts, representing magmas still nearly in equilibrium with mantle peridotite, are rare. New strategies, in particular focusing on the lower flanks of intraoceanic arc volcanoes using submersibles such as ROVs, are allowing us to break through the crustal filter. Previous work in the Izu^Bonin^Mariana (IBM) arc in the western Pacific shows that small parasitic cones on the submarine flanks of larger volcanoes often erupt more primitive lavas than the main edifice, which may be subaerial or submarine (e.g. Ishizuka et al., 2008; Tamura et al., 2011) . That is certainly true of the Oligocene to Recent volcanic islands of the IBM arc system, where even the least fractionated lavas are still significantly fractionated (Tamura & Tatsumi, 2002; Tamura et al., 2010) . Tamura et al. (2011) identified two primary basalt magma types from the flanks of erupting Northwest Rota-1 volcano (NWR1), $40 km behind the Mariana arc volcanic front (Fig. 1 ). Based on differences in phenocryst assemblages, Tamura et al. (2011) called these cpx^olivine basalt (COB) and plagioclase^olivine basalt (POB). NWR1 COB has a greater subduction component, both hydrous fluid and sediment melt, than POB (Tamura et al., 2011) Subsequent dives on the submarine flanks of other volcanoes along the Mariana arc magmatic front (Pagan, Daon, Alamagan, Tracey) during R.V. Natsushima cruises NT10-12, July 9^19, 2010, and NT12-04, February 13^26, 2012 , have recovered mostly undifferentiated olivine-bearing basalts. Such primitive magmas are likely to have followed peripheral conduits that allowed them to escape storage and differentiation in magma chambers existing below the volcanic summit. We will also show in this study that some less magnesian lavas show evidence for magma mixing; however, our main target is the primitive basalts with410 wt % MgO, which have survived crustal filtering.
Below we build on the recognition of NWR1 primitive magma diversity by reporting on two types of primitive basalts erupted on the NE submarine flank of the large Pagan volcano. We call these COB1 and COB2 because the two varieties have similar phenocryst assemblages (clinopyroxene and olivine) but can be distinguished on the basis of their 'subduction component'; that is, what has been added from the subducted Pacific plate to their mantle source. Using this discovery, we address why and how these different primary magmas formed beneath the same volcano. We find that the observed contrasts between these are best described by calling on immiscible subduction components below the volcanic front, and we playfully offer the description 'mission immiscible' for what these lavas reveal.
G E O L O G I C A L B AC KG RO U N D
The IBM arc system stretches over 2800 km from near Tokyo, Japan, to beyond Guam, USA, and is an excellent example of an intraoceanic convergent margin (Stern, 2010) . The volcanic front of the Mariana segment (Fig. 1a) is subdivided into the Northern Seamount Province (NSP), Central Island Province (CIP) and Southern Seamount Province (SSP; Fig. 1a ) (Dixon & Stern, 1983; Stern et al., 1988; Bloomer et al., 1989) , with the recent identification of the Alphabet Seamount Volcanic Province immediately south of the SSP (Stern et al., 2013) . Among the four provinces, subaerial CIP volcanoes and their volcanic products are best known (e.g. Woodhead, 1989; Elliott et al., 1997; Stern et al., 2003; Pearce et al., 2005; Wade et al., 2005; Kelley et al., 2010; Marske et al., 2011) .
Subaerial eruptions of lava or tephra have frequently occurred in CIP in historical times (e.g. eruptions on Anatahan, North Pagan, Asuncion and Uracas). Eruption records are, however, limited to recent subaerial events and little is known about the submarine parts of the CIP volcanoes [mostly from 1980s dredge sampling of submarine volcanoes summarized by Bloomer et al. (1989) ]. Magma production and supply systems beneath the volcanoes are not well constrained. Very high P and S seismic wave attenuation is found at 50^70 km beneath the arc (Pozgay et al., 2009) . Interestingly, by using the chemical composition of primitive NWR1 basalts, Tamura et al. (2011) estimated that the primary basalt magmas segregated from their mantle source region at pressures of 1·5^2·0 GPa (equivalent to depths of 50^65 km). These depths are similar to the equilibration depths of hydrous melts estimated at 34^87 km beneath the Mariana volcanic arc based on thermobarometry (Kelley et al., 2010) , indicating that the low-velocity and high-attenuation region represents the mantle source region for Mariana arc magmas.
Pagan is a volcanic complex located about 18810 0 N, 145845 0 E in the Mariana CIP ( Fig. 1b) and is one of the largest (2160 km comprising an extinct volcanic plateau in the south (Marske et al., 2011) and a simple volcanic coneçthe active volcano Mt. Pagançthat fills a large caldera in the north (Banks et al., 1984) . Pagan has a maximum elevation of 570 m (Mt. Pagan), but its submarine flanks descend to 2000^3000 m below sea level (mbsl), so most of the volcano is submarine and unexplored (Fig. 2a) . Until recently, little was known about the submarine parts of the volcano, although Bloomer et al. (1989) identified a SSW extension towards the submarine volcano Daon. ROV Hyper-Dolphin dives and bathymetric surveys in the southern Mariana arc, including Pagan, were carried out during cruise NT10-12 of R.V. Natsushima between July 9 and July 19, 2010. We studied small knolls on Pagan's NE and SW submarine flanks during dives HPD1147 (2000^1500 mbsl) and HPD1148 (2350^2010 mbsl), respectively (Fig. 2a) . Primitive lavas recovered from the NE flank of the volcano during HPD1147 (Fig. 2b) are the focus of this study. The samples we describe here were all collected from fresh pillow lava flows with little sediment cover, suggesting they erupted recently (Holocene). We also report analyses of differentiated lavas from the SW submarine flanks of Pagan, where lavas similar to those on Pagan Island were recovered during HPD1148.
Olivine^cpx basalt (COB1) and cpx^olivine basalt (COB2) Table 1 shows the phenocryst assemblages and modal proportions (vol. %) of primitive basalts from HPD1147. Each sampling point is shown in Fig. 2b . Most HPD1147 magnesian basalts have phenocrysts and micro-phenocrysts of olivine (OL) and clinopyroxene (CPX) and lack plagioclase. Samples R01^R06 contain more cpx than olivine, so these are termed olivine^cpx basalts. For simplicity, we refer to Pagan magnesian lavas that contain OL and CPX phenocrysts in any proportion as COB, so this includes both CPX^OL basalt and OL^CPX basalt. Pagan COB are further divided into three groups on the basis of phenocryst modes and geochemistry: COB1, COB2, and 'others' . COB1 are CPX-rich and contain 3·8^10·7 vol. % micro-phenocrysts of CPX. CPX microphenocrysts are rare in COB2, which have more OL phenocrysts. 'Others' are petrographically similar to COB2, but they are more differentiated than most COB1 and COB2 samples and contain reversely zoned olivine and clinopyroxene phenocrysts, suggesting magma mixing.
A NA LY T I C A L M E T H O D S
After sawing and jaw crushing, all samples were pulverized in an agate ball mill. Major and selected trace elements (Ba, Ni, Cu, Zn, Pb, Th, Rb, Sr, Y, Zr and Nb) were determined by X-ray fluorescence (XRF) at the Institute for Research on Earth Evolution (IFREE), Japan Agency for Marine^Earth Science and Technology (JAMSTEC). Trace elements were analyzed on pressed powder discs, and major elements were determined on fused glass discs. A mixture of $0·4 g powdered sample and 4 g of anhydrous lithium tetraborate (Li 2 B 4 O 7 ) was used; no matrix correction was applied because of the high dilution. All subsequent discussions refer to analyses that have been normalized to 100% on a volatile-free basis with total iron calculated as FeO.
Concentrations of other trace elements, including the rare earth elements (REE), V, Cr, Rb, Sr, Y, Zr, Nb, Cs, Ba, Hf, Ta, Pb, Th and U were determined by inductively coupled plasma mass spectrometry (ICP-MS) using a VG Platform instrument at the Geological Survey of Japan/ AIST. About 100 mg of sample powder was dissolved in an HF^HNO 3 mixture (5:1). After evaporation to dryness, the residues were redissolved with 2% HNO 3 prior to analysis. Reproducibility is better than AE4% [2 standard deviations (SD)] for the REE, Rb and Nb, and better than AE6% (2 SD) for other elements (see JB2 analyses in Table 1 ). Compiled analyses for JB2 are from Govindaraju (1994) and Taylor & Nesbitt (1998) .
Isotopic compositions of Sr, Nd, and Pb were determined on 200 mg of hand-picked 0·5^1mm rock chips. The chips were leached in 6M HCl at 1408C for 1h prior to dissolution in HF^HNO 3 . Sr and Nd isotope ratios were measured on a seven-collector VG Sector 54 mass spectrometer at the Geological Survey of Japan/AIST. Sr was isolated using Sr resin (Eichrom Industries, Illinois). For Nd isotopic analysis, the REE were initially separated by cation exchange before isolating Nd on Ln resin (Eichrom Industries) columns. Sr and Nd isotopic compositions were determined as the average of 150 ratios by measuring ion beam intensities in multidynamic collection mode. Isotope ratios were normalized to 86 Pb was isolated using AG1-X8 200^400 mesh anion exchange resin. Procedural Pb blanks were530 pg, considered negligible relative to the amount of sample analyzed. Pb isotopic measurements were made in multidynamic collection mode using the double spike technique [Southampton-BrestLead 207^204 spike SBL74 (Ishizuka et al., 2003) ] at GSJ/AIST. Natural (unspiked) measurements were made on 60^70% of collected Pb, giving 208 Pb beam intensities of (2·5^3·0) Â 10^1 1 A. Fractionation-corrected Pb isotopic compositions and internal errors were obtained by a closedform linear double-spike deconvolution (Johnson & Beard, 1999 Table 2 for samples from dives HPD1147 and HPD1148 that range from basalt to andesite in composition.
Microprobe analyses were carried out on a JEOL JXA-8900 Superprobe equipped with five wavelength-dispersive spectrometers (WDS) at IFREE, JAMSTEC. Counting Vol. % excluding vesicles
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Trace element (ppm) by XRF M AG M AT I C VA R I AT I O N O F PA G A N VO L C A N O Figure 3 shows silica variation diagrams for lavas from Pagan, including those previously analysed from the island (Woodhead, 1989; Elliott et al., 1997; Marske et al., 2011 ) and those we have collected from its submarine flanks (HPD1147 and HPD1148, Fig. 2a ). The data range from 48 to 64 wt % SiO 2 , defining a low-to medium-K suite as defined by Gill (1981) (Fig. 3 ). Subaerial and submarine lavas with 452 wt % SiO 2 exhibit no systematic difference, suggesting that they came from the same Pagan magmatic system. However, more primitive basalt lavas (47 wt % MgO and 58^70 Mg#) are observed and sampled only from the NE submarine flanks (Fig. 3) . Thus the submarine samples provide the only opportunity to study the primitive lavas of Pagan volcano. Access to such primitive lavas is critical to understand magma genesis in the mantle wedge above the Mariana subduction zone. We therefore focus here on Pagan primitive and near-primitive submarine basalts with MgO 47 wt %.
M I N E R A L C H E M I S T RY Olivine
Magnesian basalts (Mg# 458, MgO 47 wt %) from Pagan volcano contain olivine phenocrysts (0.3^6.6 vol. %), with rare Cr-spinel inclusions. Cores and rims of 20^30 olivine phenocrysts from each of eight samples of COB1, three of COB2 and two other basalts recovered by HPD1147 (Fig. 2) were measured by electron microprobe. NiO contents correlate with Fo content [Fo ¼ olivine 100 Mg/ (Mg þ Fe)], suggesting olivine fractionation. Fo contents of Pagan olivines range from 70 to 94, the most magnesian of which (Fo 92^94 ) contain $0·4 wt % NiO, indistinguishable from mantle olivines; moreover, some olivines are more magnesian than mantle olivines (Fig. 4) . COB2 olivines contain more NiO than those from COB1, tending to be more iron-rich at the same NiO contents ( Fig. 4a and 4b) . Figure  4c shows olivines in the 'other lavas' (HPD1147R22 and R23). These lavas are more differentiated (5 10 wt % MgO) than COB1 and COB2, but the forsterite contents of their Fig. 3 . SiO 2 variation diagrams for subaerial Pagan island lavas (Woodhead, 1989; Elliott et al., 1997; Marske et al., 2011) and those collected from Pagan's submarine flanks by ROV Hyper-Dolphin (HPD1147, 1148). High-, medium-and low-K boundaries after Gill (1981) . olivines are in the range of Fo 70^93 , and overlap COB1 and COB2 on Fo^NiO diagrams (Fig. 4c) . Some olivines in the 'other lavas' are reversely zoned in terms of Fo content, which might have resulted from magma mixing. Figure 4d shows trends of olivine fractionation calculated from the bulk-rock compositions of HPD1147-R13 (COB1) and HPD1147-R15 (COB2), as described by Tamura et al. (2000) , assuming that the ratio of oxidized iron to total iron [Fe
)] in Pagan basalt melts was 0·3 (Kelley & Cottrell, 2009 ). The temperature-dependent olivine^liquid Ni partitioning of Li & Ripley (2010) was used to reproduce the olivine fractionation trends. R13 (COB1) and R15 (COB2) lavas contain 75 and 110 ppm Ni, respectively, and are calculated to be in equilibrium with Fo 90·86 and Fo 90·03 olivines having 0·109 and 0·135 wt % NiO, respectively (Fig. 4d) . Addition of 15 and 16% of equilibrium olivine reproduces COB1 and COB2 fractionation trends, respectively (Fig. 4d) . A slightly lower temperature is required to produce the steeper COB1 (12008C) trend compared with that of COB2 (12508C) (Fig. 4d) . The calculated primary olivines of R13 and R15 are Fo 93·4 and Fo 93·0 , respectively, which are similar to the most magnesian olivines in these lavas. Figure 4e compares olivines in NWR1 COB (Tamura et al., 2011) , Pagan COB1 and COB2. At the same forsterite content (4Fo 85 ), the NiO content in the olivines increases from Pagan COB1 through COB2 to NWR1 COB, with some overlap. The most magnesian olivines in NWR1 COB (Fo 93 ), however, are less magnesian than those of Pagan (up to Fo 94 ). Figure 4f shows the range and averages of olivines in mantle wedge peridotite xenoliths from Avacha, a Kamchatka arc volcano (Ionov, 2010) and IBM mantle wedge peridotites (Torishima Forearc Seamount and Conical Seamount) recovered by Ocean Drilling Program (ODP) Leg 125 (Ishii et al., 1992) . The NWR1 primary magmas have previously been discussed in terms of these mantle wedge peridotite olivines (Tamura et al., 2011 ). Figure 5a shows the relationship between the Fo contents of olivine and Cr-number [¼ Cr/(Al þ Cr) atomic ratio] of spinel in Pagan lavas with 47 wt % MgO. There are no systematic differences in Cr-number between spinels in COB1 and COB2 (Fig. 5a ). Primitive lavas should have olivine and spinel compositions that are similar to the olivine^spinel mantle array (OSMA), which represents the spinel peridotite residual trend (Arai, 1994) . The Cpx/ (Opx þ Cpx) ratio also reflects the fertility of spinel peridotite, decreasing from lherzolite (40·1) to harzburgite (50·1) (Arai, 1994) . This change accompanies increases in both olivine Fo and Cr-number of chromian spinel towards the refractory (high-Fo, high-Cr-number) end of OSMA. A Cr-number of 0·5^0·6 approximates the boundary between fertile lherzolite and depleted harzburgite (Arai, 1994) . (Arai, 1994) . The most magnesian olivine^spinel pairs lie within the OSMA, suggesting that these are from the primary magmas in equilibrium with mantle peridotite. (b) Frequency distribution diagrams for spinel Cr# from primitive basalts of Pagan and NW Rota-1 volcanoes. The average Cr# for each volcano is 0·66 (1 SD ¼ 0·08) and 0·57 (1 SD ¼ 0·08), respectively.
Spinel
The highly depleted nature of the Pagan residual mantle is shown by the higher Cr-numbers of HPD1147 COB spinels (0·66 AE 0·08) compared with those of NWR1 (Fig. 5b) . NWR1 spinels have Cr-numbers typically from 0·5 to 0·6, averaging 0·57 AE 0·08 (Tamura et al., 2011) . IBM forearc peridotites (Conical and Torishima Seamounts) contain spinels with Cr-numbers like those of NWR1 basalts (0·5^0·6); Crnumbers of Conical Seamount (0·61 AE0·14) are more variable than those of Torishima Seamount (0·57 AE 0·05) and reach a maximum of $0·83 (Ishii et al.,1992) . Peridotite xenoliths of Avacha volcano have chromian spinels with Cr-number ranging from 0·5 to 0·8, giving an average of 0·61 AE0·04 (Ishimaru et al., 2007; Ionov, 2010) .
Olivine and clinopyroxene Figure 6 shows frequency diagrams of Fo content of olivine and Mg-number (Mg# ¼ 100 Mg/(Mg þ Fe) atomic ratio) of augite phenocrysts in COB1, COB2 and'other lavas' . Most COB1 and COB2 lavas are primitive, with 10^11wt % MgO, except R07 and R10. Olivine cores of both COB1 and COB2 with 10^11wt % MgO have Fo contents with modes of Fo 88^92 . On the other hand, the modes of the Mg# of COB1 augite cores range from 88 to 90, higher than those of the augite cores in COB2 (Mg# ¼ 86^88) (Fig.6) .
Some olivine and clinopyroxene phenocrysts in 'other lavas' contain reversely zoned olivine and clinopyroxene. Mixing between primitive and differentiated magmas might play a role in producing these magmas; this is consistent with the wide range of olivine Fo contents (Fo 70^93 ; Fig. 4c ) and the presence of chromian spinel (Cr# $0·8) in the more iron-rich olivine (Fo 84 ) (Fig. 5a ).
T WO B A S A LT M AG M A T Y P E S
Olivine and clinopyroxene phyric basalts COB1 and COB2 and 'other lavas' (Table 1) contain 47 wt % MgO; we will show below that these magnesian basalts show significant differences in major and trace element abundances, incompatible element ratios and Sr^Nd^Pb^Hf isotope composition. Moreover, Pagan COB1 and COB2 are similar to primitive 'island arc ankaramites' from Western Epi, Vanuatu (Barsdell & Berry, 1990) . Thus, this detailed study of primitive Pagan basalts has implications for understanding arc magmas in other subduction zones. Figure 7 shows MgO (wt %) variation diagrams for Pagan COB1, COB2 and 'other lavas' and ankaramites from western Epi (Barsdell & Berry, 1990) . Regression lines fitted by eye through the COB1 and COB2 data are shown in each diagram. At the same MgO content (10^11wt % MgO), COB1 and COB2 define distinct trends, except for SiO 2 . Compared with COB2, COB1 is low in TiO 2 , FeO* (total Fe as FeO), Na 2 O and K 2 O, but is high in CaO, CaO/Al 2 O 3 and Mg# (Fig. 7a) . Cpx fractionation is important for COB1, because CaO and CaO/Al 2 O 3 co-vary with MgO. Figure 7b shows variation diagrams of MgO (wt %) versus selected trace elements (ppm). All incompatible elements are lower in COB1 than in COB2 at the same MgO content. However, as shown below based on incompatible element ratios, differences between COB1 and COB2, or COB2/COB1 ratios, at the same MgO (10^11wt %) are not uniform and differ from element to element. For example, in COB2 Rb and Th are three times higher, Nb and Zr two times higher, and Sr only 1·2 times higher compared with COB1. Compatible elements also behave differently; COB1 and COB2 have similar Cr contents, but in COB1 Ni contents (608 0 ppm) are much lower than in COB2 (120^150 ppm).
MgO diagrams
Trace element abundance: incompatible element and rare earth element (REE) patterns Figure 8 shows (a) mid-ocean ridge basalt (MORB)-normalized incompatible trace element patterns for COB1 and COB2 from Pagan, (b) MORB-normalized patterns for COB and POB from NWR1, (c) chondrite-normalized REE plots for COB1, COB2 and 'other lavas' from Pagan and (d) chondrite-normalized plots for COB and POB from NWR1. Interestingly, the differences between Pagan COB1 and COB2 incompatible elements that are not mobilized by hydrous fluids (Pearce et al., 2005) , such as Nb, Ta, Zr, Hf and heavy REE (HREE), are similar to the differences between COB and POB at NWR1. REE patterns reveal differences during COB1 fractionation and between COB1 and COB2 (Fig. 8c) . As COB1 MgO contents decrease from 11 to 8 wt %, REE patterns shift upward in almost parallel trends to each other. At the same MgO content (10^11wt %), COB2 have higher REE contents than COB1; light and middle REE (LREE and MREE; from La to Dy) of COB2 are especially enriched relative to COB1, and thus COB2 show steeper REE patterns (Fig. 8c) . On the other hand, NWR1 COB REE patterns are steeper than those of POB (Fig. 8d) , which results in the REE patterns for POB and COB overlapping between La and Dy.
Incompatible element ratios Figure 9a shows MgO variation diagrams for trace element ratios. These incompatible element ratios show little variation with MgO content, and thus their differences are used as proxies for different subduction and mantle processes (Pearce et al., 2005) . Ba, but not Th, is significantly partitioned into aqueous fluids derived from the subduction zone, whereas both Ba and Th are significantly partitioned into siliceous melts (Pearce et al., 2005 , and references therein). In contrast, Nb is probably mobilized from a rutile-bearing slab only in melts at the highest temperatures (Pearce et al., 2005 , and references therein). Thus, Ba/Nb, Ba/Th and Th/Nb highlight subduction input; Ba/Nb is a proxy for total subduction addition, Ba/Th is sensitive to shallow (hydrous fluid) subduction addition and Th/Nb is a proxy for deep subduction addition (sediment melting) (Pearce et al., 2005) . Assuming that the source mantle peridotite is similar and that melting occurs in the spinel peridotite stability field, the lower Nb/Yb of COB1 relative to COB2 suggests greater depletion and/or higher degrees of melting of its source, which is also consistent with the lower abundances of COB1 incompatible elements relative to COB2 at the same MgO content (Figs 7 and 8) . (COB1, COB2 and 'other lavas') and for COB and POB from NWR1. The fields for the Izu arc, Mariana arc, other arcs and MORB are from Elliott (2003) . Ba/Th vs La/Sm data for arc basalts anti-correlate and define a crescentshaped field (Elliott, 2003; Turner et al., 2003) . Significantly, primitive Pagan basalts cover the whole range of Mariana arc lavas, and there is a gap between COB1 and COB2. Figure 10 also suggests that COB1 (with higher Ba/Th) is enriched in fluid from altered oceanic crust and that COB2 (with higher La/Sm) is enriched in partial melt from subducted sediment. At NWR1, however, Ba/Th of COB and POB are similar, but COB has higher (La/Sm) N compared with POB (Tamura et al., 2011) .
Pb^Sr^Nd^Hf isotopes Pb isotopes
Our new Pb isotopic data for Pagan lavas are integrated with previously published data for the Southern Mariana Trough (SMT) (Gribble et al., 1996) and Mariana Central Island Province (CIP) ( Fig. 11a (Fig. 11a) . Southern Mariana Trough basalts could represent the composition of the underlying 'ambient mantle' (Woodhead et al., 2012) ; thus, these trends suggest mixing between the local mantle wedge and subducting sediments represented by Site 801 (Plank & Langmuir, 1998 Pb/ 204 Pb space, which is consistent with mixing between 'mantle' Pb and bulk sediment Pb, and moreover, 94% of the Pb in the 'mantle' end-member appears to be derived from subducted Pacific MORB. On the other hand, Hauff et al. (2003) suggested that a mixture of $80^84% unaltered ocean crust and $20^16% average basaltic crust (similar in composition to the average Site 801 basaltic crust shown in Fig. 11a ) could serve as the unradiogenic end-member for Mariana arc lavas. However, the shapes of the distribution of Mariana CIP lavas (Fig. 11a) do not suggest mixing, but rather smear between Site 801 sediments and basaltic crust.
Primitive Pagan lavas lie within the Pb isotopic range of Mariana CIP lavas, similar to those of subaerial Pagan lavas, shown by Woodhead (1989) , Elliott et al. (1997) and Marske et al. (2011) (Fig. 11b) . The range of 143 Nd/ 144 Nd is similar to that of subaerial Pagan Island (0·51297^0·51306) shown by Woodhead (1989) , Elliott et al. (1997) and Marske et al. (2011) (Hart, 1984) . Average ODP Site 801 sediment and sediment field is after Plank & Langmuir (1998) . Average Site 801 basaltic crust, average unaltered ocean crust and basaltic crust field are after Hauff et al. (2003) . SMT data are from Gribble et al. (1996) and Mariana CIP data are from Woodhead (1989) , Elliott et al. (1997) Woodhead et al. (2012) . Primitive Pagan and NW Rota-1 basalts plot between the MT mantle array and CIP lavas. Data for the Mariana CIP are from Woodhead et al. (2001 Woodhead et al. ( , 2012 and Wade et al. (2005) . The dashed line shows a possible mixing line between ambient mantle and subducting sediment (Woodhead et al., 2012) Sr than NWR1 POB (Fig. 11b) . Figure 11c shows 176 Hf/ 177 Hf vs 143 Nd/ 144 Nd for Pagan, NWR1, Mariana CIP lavas and the Mariana Trough (MT). The straight line shows the isotopic variability in the MT mantle array of Woodhead et al. (2012) , and corresponds to the composition of the mantle wedge (ambient mantle) prior to slab additions. The dashed line defines the mixing curve between the appropriate MT basalt (ambient mantle) and bulk subducted sediment comprising a mixture of 40% pelagic clay and 60% volcanogenic sediment (Woodhead et al., 2012) . Pagan and NWR1 primitive basalt data (COB1, COB2, POB and COB) lie near the mixing curve or between the mixing curve and the MT mantle array (ambient mantle). However, subaerial Pagan lavas and lavas from Mariana CIP islands plot on the low-143 Nd/ 144 Nd side of the primitive Pagan lavas.
Nd^Hf isotopes

P R I M A RY M AG M A S
The compositions of the Pagan primary basalt magmas are estimated based on the method described by Tamura et al. (2000 Tamura et al. ( , 2011 , assuming that Fe
) ¼ 0·3 (Kelley & Cottrell, 2009 ) and using the temperature-dependent olivine^liquid Ni partitioning of Li & Ripley (2010) to reproduce olivine fractionation trends (Fig. 4) . Pagan primary basalt major element compositions were calculated by incrementally adding equilibrium olivine to the measured compositions and recalculating the basalt compositions until olivines in equilibrium with the recalculated composition had Fo and NiO contents similar to those of harzburgite or dunite (Fo 93^94 and 0·35^0·42 wt % NiO). Incompatible trace element concentrations in the primary basalts were calculated with a Rayleigh crystal fractionation model using the fraction of liquid (F) obtained by the olivine addition modeling [see Tamura et al. (2011) for further explanation]. Table 3 lists the major and trace element compositions of the estimated primary COB1 and COB2 magmas.
All primary COB1 magmas have lower TiO 2 , Al 2 O 3 , Na 2 O and K 2 O and higher MgO contents than those of primary COB2. Based on peridotite melting experiments [see Kushiro (2001) for review], these differences suggest higher degrees of melting of the COB1 mantle source compared with the COB2 mantle source. Low SiO 2 ($48·2 wt %) and high olivine components on the olivine^plagio-clase^SiO 2 projection of Walker et al. (1979) (not shown) suggest segregation pressures of $2·5 GPa for both COB1 and COB2. There is, however, one enigma; COB1 contain more CaO than COB2, which is inconsistent with higher degrees of melting of the COB1 source and expected harzburgite and dunite residues. This enigma is explored in the discussion below. Figure 12 shows primitive mantle (PM)-normalized incompatible trace element patterns for average primary Pagan COB1 and COB2 and average NWR1 COB and POB. We assume that the mantle wedge below Pagan and NWR1 before melting was compositionally similar to the most enriched Horoman peridotite and/or the estimated primitive mantle McDonough & Sun, 1995; Takazawa et al., 2000; Tamura et al., 2011) . Based on major element compositions, Tamura et al. (2011) estimated that NWR1 COB and POB formed from 24% and 18% melting, respectively, which is consistent with their parallel HREE patterns. Figure 12 shows distinct parallelism from Dy to Lu in Pagan COB1 and COB2 and NWR1 COB and POB. Thus, based on the concentrations of these elements in the primary magmas, the degrees of melting required to produce Pagan COB1 and COB2 are estimated to be 36% and 27%, respectively.
S U M M A RY A N D D I S C U S S I O N
The subducting slab, mantle wedge and overlying crust contribute to the genesis of arc magmas. The study of primitive arc basalt lavas from Pagan Volcano makes it possible to characterize and quantify each contribution in more detail.
COB1 versus COB2
Based on phenocryst modes and assemblages (Table 2) , the crystallization sequence of both COB1 and COB2 magmas is spinel þ olivine, spinel þ olivine þ cpx, and finally spinel þ olivine þ cpx þ plagioclase. There is no significant difference in spinel composition between COB1 and COB2; both come from a depleted mantle source. Fo contents of Pagan olivines range from 70 to 94, the most magnesian of which (Fo 92^94 ) contain $0·4 wt % NiO, indistinguishable from mantle olivines. COB2 olivines at a given Fo content contain more NiO than those from COB1. COB1 clinopyroxene phenocrysts are more magnesian than those of COB2 (Fig. 6) at the same MgO content, which suggests that clinopyroxenes in COB1 crystallized sooner after olivine began to crystallize than clinopyroxenes in COB2. Clinopyroxene crystallization starts early when magmas have not degassed water [see Tamura et al. (2011) for references]. Thus the difference between COB1 and COB2 clinopyroxene Mg# suggests that the COB1 magma was more water-rich than the COB2 magma, which is consistent with the higher Ba/Th, a proxy of hydrous fluid addition, in COB1 (Fig. 9) .
All incompatible element abundances at the same MgO content (10^11wt %) and at the MgO content of Ta  0·017  0·017  0·016  0·028  0·017  0·016  0·012   La  1·18  1·16  1·21  1·18  1·20  1·18  1·25   Ce  3·09  3·12  3·24  3·13  3·13  3·10  3·21   Pb  0·92  0·91  0·94  0·92  0·93  0·91  0·90   Pr  0·46  0·45  0·47  0·47  0·45  0·47  0·48   Sr  211  227  217  215  216  221  237   Nd  2·47  2·54  2·60  2·56  2·47  2·57  2·62 Zr Er  0·88  0·86  0·87  0·90  0·89  0·85  0·91   Tm  0·13  0·13  0·13  0·13  0·13  0·13  0·13   Yb  0·89  0·87  0·85  0·84  0·87  0·86  0·85   Lu  0·13  0·13  0·13  0·13  0·13  0·14  0·14 (continued)
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Nb 0·20 0·17 0·20 0·37 0·37 0·40 0·37 Ta  0·020  0·010  0·017  0·030  0·030  0·032  0·029   La  1·31  1·28  1·31  2·87  2·73  2·83  2·72   Ce  3·28  3·35  3·40  6·43  6·27  6·59  6·35   Pb  0·93  0·92  0·91  1·45  1·46  1·53  1·46   Pr  0·48  0·48  0·49  0·88  0·87  0·91  0·86   Sr  227  229  231  262  267  263  255   Nd  2·75  2·62  2·72  4·59  4·63  4·65  4·48 Zr Er  0·96  0·91  0·89  1·21  1·15  1·20  1·18   Tm  0·14  0·13  0·13  0·17  0·17  0·18  0·17   Yb  0·88  0·88  0·88  1·16  1·21  1·14  1·20   Lu  0·14  0·14  0·13  0·18  0·17  0·18  0·18 (continued) 
F, fraction of liquid; Fo is equilibrium olivine Fo.
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calculated primary magmas (15·7^17·4 wt % MgO) are lower in COB1 than in COB2 (Figs 7 and 8, Table 3 ). All primary COB1 magmas have lower TiO 2 , Al 2 O 3 , Na 2 O and K 2 O, and higher MgO contents than those of primary COB2 (Table 3) . Moreover, Nb/Yb is lower in COB1 (Fig.  9) , suggesting higher degrees of melting ($36%) of the COB1 mantle source compared with the COB2 mantle source ($27%) (Fig. 12) .
'Mission Immiscible'
Ba/Nb and Ba/Th variations ( Fig. 9) suggest that COB1 lavas have total and shallow subduction additions (Pearce et al. 2005 ) that are larger than those for COB2 lavas. In contrast, Th/Nb and La/Sm indicate that sediment melts are more important for COB2 than for COB1 (Figs 9 and 10). The negative correlation between Ba/Nb and Nb/Yb (Fig. 9f) suggests that both total subduction addition and degree of melting of the COB1 source are higher than for the COB2 source. Higher total subduction addition might have resulted in a higher degree of melting of the COB1 mantle source. Importantly, the subduction addition that caused higher degrees of melting of the COB1 source was mostly hydrous fluid, not sediment melt (Figs 9 and 10 ). Pb isotope ratios (Fig. 11a) are consistent with this interpretation. Significantly, even the Pagan primitive basalt lavas, which were collected in the small area shown in Fig. 2 , do not define a linear trend in Pb isotope space, thus making mixing between two end-members, a single subduction component and a single mantle component, unlikely. We suggest that Pb from subducted sediment is important for COB2 lavas, but Pb in aqueous fluid is more important for COB1 lavas (Fig. 11a) . These lines of evidence suggest that aqueous fluid and sediment melt coexist when they are released from the subducting slab (Mibe et al., 2011; Kawamoto et al., 2012) . These slab components might be added separately to the source mantle, which independently generated COB1 and COB2 magmas. The mission of the subducted slab is to add subduction components to the overlying mantle wedge to produce arc magmas. Thus we refer to this coexistence of fluid and melt as 'Mission Immiscible' .
Pagan versus NW Rota-1 (NWR1); immiscible below volcanic front but miscible below rear arc Pagan and NWR1 are located at the volcanic front and 40 km behind the volcanic front of the Mariana arc, respectively (Fig. 1) . The chemical differences between Pagan and NWR1 could be attributed to whether the subduction components (hydrous fluid and sediment melt) are immiscible or miscible. The subducting Pacific Plate beneath the Mariana arc is old ($160 Ma), thick, cold and dense, and its Wadati^Benioff zone dips steeply (Stern et al., 2003) . Thus, the depths to the top of the Mariana Wadati^Benioff zone just below Pagan and NWR1 are $100 and $200 km, respectively (Pozgay et al., 2009) .
Pagan COB2 and NWR1 POB lavas are enriched in high field strength elements (HFSE) and HREE compared with Pagan COB1 and NWR1 COB lavas, respectively (Fig. 8) . However, in terms of fluid-and melt-mobile incompatible elements, such as Rb, Ba, Th, U, K, LREE and MREE, Pagan and NWR1 lavas differ. In short, the patterns for the different types of Pagan lavas do not cross, whereas NWR1 COB and POB intersect (Fig. 8) . COB2 lavas have higher amounts of sediment melt than COB1 lavas, which results in almost parallel incompatible element patterns (Fig. 8a ) and enrichments in LREE (Fig. 8c) . On the other hand, NWR1 COB have higher or similar contents of subducted sediment components compared with NWR1 POB, which causes the COB and POB patterns to intersect (Figs. 8b and 8d) and La/Sm to be higher in the COB lavas (Fig. 10) . In contrast to the Pagan suites shown in Fig. 11a , NWR1 COB and POB lavas show simpler linear trends on Pb isotope diagrams (Tamura et al., 2011) , suggesting mixing between ambient mantle and sediment melt.
In summary, NWR1 COB have a greater subduction component, of both hydrous fluid and sediment melt, than POB, perhaps reflecting the fact that the subducting slab below NWR1 is 4100 km deeper than it is beneath Pagan. At these higher pressures, hydrous fluid and sediment melt could have mixed into a uniform supercritical fluid (Mibe et al., 2011; Kawamoto et al., 2012) , resulting in 'Mission Miscible', with higher addition of the supercritical fluid yielding the distinct NWR1 COB.
Pagan primitive basalt versus ankaramite from western Epi, Vanuatu; does hydrous carbonatite play a role in 'Mission Immiscible'? Pagan COB1 and COB2 are similar to primitive island arc ankaramites from western Epi, Vanuatu (Fig. 4 ; Barsdell & Berry, 1990) . Basalts from western Epi plot between COB1 and COB2 inTiO 2 , CaO, K 2 O and CaO/Al 2 O 3 diagrams at the same MgO (Fig. 4a) . Limited trace element data for western Epi were published by Barsdell & Berry (1990) and show that Ba and Sr are higher than in Pagan COBs at the same MgO, with Rb, La, Zr, Yb, Cr and Ni similar to, or between, COB1 and COB2 (Fig. 7b) at the same MgO content.
The terms ankaramite and picrite were used by Barsdell & Berry (1990) to describe primitive basaltic lavas dominated by clinopyroxene and olivine phenocrysts, respectively, and are independent of the degree of silicasaturation and alkali content. On the other hand, the Glossary of Geology (Neuendorf et al., 2006) defines ankaramite as an olivine-bearing basanite containing abundant pyroxene. Because of this confusion we wish to play down the term 'ankaramite', and thus consider that our findings are applicable to volcanic front lavas in other arcs. Discussion of the primitive and primary magmas of western Epi by Barsdell & Berry (1990) and Green et al. (2004) can be applied to the genesis of the Pagan basalts, especially COB1, which are characterized by high CaO and CaO/Al 2 O 3 . Green et al. (2004) concluded that a primary magma with $16^17 wt % MgO separates from residual harzburgite at $1^2 GPa, 1300^13508C and contains dissolved C^H^O fluid components as (OH)^and (CO 3 ) 2^i n the melt. The dissolved C^H^O components lower the liquidus temperature of the primary magma from above 14008C to $13208C at 1·5 GPa. Green et al. (2004) also suggested that depleted mantle sources may be fertilized by slab-derived carbonatite melts, which enrich CaO relative to Al 2 O 3 in the primary magma derived from the mantle source. Evidence for carbonatite metasomatism in spinel peridotite mantle xenoliths has been reported from western Victoria, Australia (Yaxley et al., 1998) . The model of Green et al. (2004) could explain the enigmatic enrichment of CaO in COB1 lavas compared with COB2 lavas (Fig. 7a) , and thus the mantle source of COB1 might have been fertilized by a slab-derived hydrous carbonatite melt. Moreover, carbonatite melts and silicate melts are immiscible, and the miscibility gap expands with increasing pressure and decreasing temperature (e.g. Mattey et al., 1990; Brooker & Kjarsgaard, 2011) . Subduction components derived from the subducting slab below the volcanic front at depths of $100 km could consist of hydrous carbonate melt and silicate sediment melt. The expanded miscibility gap between hydrous carbonatite and sediment silicate melt at high pressure would result in the coexistence of two subduction components that could be added separately to the magma source mantle diapir.
Crustal contribution to arc magmas: 'Mission Inevitable'
There are a number of well-documented instances of crustal contamination in oceanic arcs. For example, crustal contamination has been recognized as an important process in the Lesser Antilles, based principally on (1) correlations between isotopic compositions and indices of differentiation (e.g. Thirlwall & Graham, 1984; Davidson, 1987; Davidson & Wilson, 2011) , (2) large variations in oxygen isotope ratios (Davidson & Harmon, 1989) and (3) overabundance of the most incompatible elements compared with those expected from major element fractionation models (Davidson & Wilson, 2011) . Figure 11c shows 176 Hf/ 177 Hf vs 143 Nd/ 144 Nd for Mariana arc volcanoes and the Mariana Trough (MT), with the dashed line representing the mixing curve between the appropriate MT basalt (ambient mantle) and a bulk subducting sediment comprising a mixture of 40% pelagic clay and 60% volcanogenic sediment (Woodhead et al., 2012) . Lower 143 Nd/ 144 Nd in the Mariana CIP volcanoes, which include the subaerial Pagan lavas, results in an offset from the mixing curve and is widely attributed to the involvement of fluids (Woodhead et al., 2012) . However, the primitive basalts from Pagan, NWR1 and Chaife plot nearer the mixing curve or between the mixing curve and the MT mantle array (ambient mantle; Tamura et al., 2011; Woodhead et al., 2012) . Thus the differences between the primitive submarine lavas and the evolved (low-MgO) subaerial lavas might not simply reflect different primary magmas and/or mantle sources. Are refractory dunite bodies residues of arc magmas?
High-Fo olivines and high Cr-number spinels, which extend to Fo 94 and Cr# $0·8, respectively, suggest that the Pagan lavas formed from high degrees of mantle melting (Figs 4 and 5) . The study of ultramafic rocks is therefore necessary to complement the study of volcanic rocks.
Cratonic mantle xenoliths Bernstein et al. (2007) compiled data for many suites of shallow cratonic mantle xenoliths worldwide, and demonstrated that their olivines have a remarkably narrow range of Mg#, with an average of $92·8. The olivine Mg# generally cannot increase via igneous processes after orthopyroxene exhaustion, thus Bernstein et al. (2007) explained the consistent Mg# as the result of mantle melting and melt extraction to the point of orthopyroxene exhaustion (e.g. $40% melt extraction from a pyrolite mantle), leaving a nearly monomineralic olivine residue. Similarly, magnesian olivines from Pagan (Fig. 4) and the higher degrees of melting ($36%) (Fig. 12 ) may suggest that the COB1 mantle source is dunitic.
Pagan olivine and spinel compared with dunites from Iwanaidake peridotite
Olivine and spinel in the HPD1147 Pagan lavas are compared with those in a more depleted peridotite body, including dunite and harzburgite from the Iwanaidake peridotite in central Hokkaido, Japan (Kubo, 2002; Fig. 13 ). The Iwanaidake peridotite (c. 2 km Â 0·5 km in area) is mainly composed of spinel harzburgite and dunite with a small amount of pyroxenite and chromitite. The dunite commonly forms tabular layers or veins that range in thickness from 10 cm to 10 m within massive harzburgite (Kubo, 2002; Tamura & Arai, 2005) . Kubo (2002) showed that although the harzburgite is depleted in basaltic components, the dunite is even more depleted; the dunites have higher olivine Fo, ranging from 92·5 to 94; higher spinel Cr-number, 60^85; and lower olivine NiO content, from 0·35 to 0·37 wt % (Fig. 13) . This highly depleted dunite may have formed by extensive harzburgite melting, with incongruent melting of orthopyroxene triggered by injection of hydrous melts into the host harzburgite (Kubo, 2002) . The Iwanaidake peridotite is suggested to have been emplaced in the mantle wedge above a subduction zone when the dunite and chromitite formed (Kubo, 2002; Tamura & Arai, 2005) .
There is a similarity between the Pagan lavas and the refractory Iwanaidake peridotite body (Kubo, 2002) , in terms of olivine and spinel compositions. Figure 13a shows olivine^Cr-spinel pairs from Pagan primitive basalts and those in the dunite and harzburgite from Iwanaidake. In the Iwanaidake peridotites, olivine Fo content correlates with spinel Cr-number and increases from harzburgite to (Kubo, 2002) . The range of Cr# of spinel in abyssal peridotite (Dick & Bullen, 1984) is shown by the doublepointed arrow. In the Iwanaidake peridotites, olivine Fo contents correlate with spinel Cr# and increase from harzburgite to dunite (Kubo, 2002) . (b) Fo^NiO variation diagram for olivines in Pagan basalts, and dunites and harzburgites from Iwanaidake (Kubo, 2002) . Olivine fractionation trends are indicated (c) Calculated primary olivines in equilibrium with the primary magmas of COB1 and COB2. dunite ( Fig. 13a ; Kubo, 2002) . Most magnesian olivines from Pagan reach Fo 94 , but spinel inclusions are not observed. However, spinels within magnesian olivines (Fo 91^93 ) have very high Cr-numbers (0·7^0·8), similar to dunite spinels from Iwanaidake (Fig. 13a) . Moreover, Pagan spinels within olivines (Fo 84^91 ) have Cr-numbers of 0·5^0·8 (Fig. 5b) , similar to spinels in Iwanaidake harzburgite (Fig. 13a) . These high Cr-numbers suggest that the residues of Pagan lavas in the mantle wedge are duniteĥ arzburgite. Figure 13b shows the variation of NiO wt % and Fo mol % for olivine phenocrysts in Pagan basalts compared with olivines from dunites and harzburgites from Iwanaidake (Kubo, 2002) . Olivines are in the range of Fo 91·5^93 and Fo 92·5^94 in harzburgite and dunite, respectively. General olivine fractionation trends show strong decreases in NiO content and thus have steep trends in this diagram (Fig. 13b) . The compositional variation of the olivine phenocrysts ( Fig. 13b ) also suggests that the residue of the Pagan primary magmas could be a mixture of dunite and harzburgite. Calculated primary olivines, which are in equilibrium with the calculated COB1 and COB2 primary magmas, are shown in Fig. 13c . Calculated primary olivines from COB1 plot in the dunite field and those from COB2 plot near the Iwanaidake harzburgite field. COB1 olivine phenocrysts have lower NiO contents than those of COB2 at the same Fo content, Fo 90 (Fig. 4) , suggesting that COB1 might have crystallized more Fo-rich (Fo 490 ) olivines than those of COB2. In summary, the primary Pagan magmas could have been in equilibrium with mantle residues ranging from harzburgite to dunite (Fig. 13c) .
These observations suggest that the residual mantle of the primary Pagan magmas might consist of harzburgite and dunite, similar to the Iwanaidake peridotite and the refractory peridotite bodies of the Bay of Islands Ophiolite (Suhr et al., 2003) . However, the mode of dunite formation, suggested by both Kubo (2002) and Suhr et al. (2003) , is different from the crystal^liquid mush (diapir) model for arc magma generation (e.g. Green et al., 1967; Tamura et al., 2011) . The latter involves simply batch melting; that is, the magma remains at the site of melting and is in chemical equilibrium with the solid residue until mechanical conditions allow it to escape as a single 'batch' of primary magma.
We propose that COB1 and COB2 represent batches of primary magma derived from an originally similar peridotite source, but reflect different degrees of melting. Assuming that COB1 and COB2 are counterparts of dunite and harzburgite residues, respectively, we can make the following deductions.
COB1^COB2 pairs vs harzburgite^dunite pairs
One interesting aspect of the differences between COB1 and COB2 is that the NiO contents are systematically lower in COB1 olivines compared with COB2 olivines (Fig. 4) and that Ni contents in COB1 whole-rocks (60^80 ppm) are much lower than in COB2 whole-rocks (120^150 ppm) at the same MgO content (10^11wt % MgO) (Fig. 7b ). This consistency (Fig. 4) suggests that the olivine phenocrysts are nearly in equilibrium with their host basalts. Kubo (2002) and Suhr et al. (2003) made similar observations in the Iwanaidake peridotite and the Bay of Islands Ophiolite bodies, in which a decrease in NiO ($0·05 wt %) in olivine is associated with an increase in Fo content ($1mol %) along the harzburgite^dunite boundary (Fig. 13) . Internally, the dunite bodies are nearly homogeneous (Kubo, 2002; Suhr et al., 2003) . A primary magma in equilibrium with such dunite olivine would crystallize olivine that is more magnesian but lower in NiO than a magma in equilibrium with harzburgite olivine. Olivine fractionation trends on NiO^Fo diagrams are so steep (Figs 4 and 13) that olivines in magmas segregated from dunite residues will have lower NiO contents at the same Fo content compared with olivines in magmas segregated from harzburgite residues. Thus the differences between the COB1 and COB2 olivines (Fig. 4) are consistent with the idea that COB1 magmas were segregated from a dunite residue and COB2 magmas from a harzburgite residue.
In the case of batch melting of the same original peridotite, the bulk partition coefficient plays an important role in determining the Ni content of primary magmas, whereas the extent of melting has a minimal effect. A distribution coefficient of Ni between olivine and melt is much larger than that between orthopyroxene and melt. Thus, the bulk distribution coefficient of Ni between dunite and COB1 should be a few per cent to 10% larger than that between harzburgite and COB2. As a result it is expected that the primary COB1 magma should contain $10% less Ni than COB2. The observed difference in Ni contents between COB1 and COB2 is much larger than $10% (Fig. 4b) , which reflects $15% of olivine fractionation from the primary magmas. Therefore the difference in Ni contents between primary COB1 and COB2 magmas can be generally explained by the two magmas originating from different sources; dunite and harzburgite residues, respectively (Fig. 13c, Table 3 ).
Invisible phase in the mantle wedge; phlogopite?
Arc basalts often appear to be highly depleted in HFSE, such as Nb, Ta, Zr and Hf. However, many researchers believe that the marked depletions in these elements may not reflect real depletions, but are an artifact of trace element abundance diagrams, and actually reflect marked enrichments of the adjacent trace elements as a result of subduction addition. In the normalized abundance diagram shown in Fig. 12 , which illustrates four types of primary magma in the Mariana Arc, it is worth noting that NWR1 POB, the driest and least depleted primary magma type among the four, is not as depleted in Nb, Ta, Zr and Hf as the other three, containing about four times their concentration in primitive mantle, comparable with the HREE. Tamura et al. (2011) suggested that the differences in Nb and Ta contents between NWR1 POB and COB are much larger ($2) than those expected if only different degrees of melting are considered. This is also the case for comparisons between Pagan COB1 and COB2, and Pagan and NWR1 (Fig. 12) . Accordingly, there is an anomalous decrease in Nb and Ta when the fraction of melting increases or when the primary magmas become more hydrous from POB through COB and COB2 to COB1. The behavior of Zr and Hf is similar to that of Nb and Ta to a lesser extent. Moreover, Zr fractionates from Hf ( Fig. 14a) and Nb possibly also fractionates from Ta ( Fig. 14b) , neither of which can be explained by differences in the degree of melting. However, Zr/Hf and Nb/Ta correlate with the degree of melting, ranging from 18 to 36% (Fig. 12 ). Nb and Ta abundances in Pagan COB1 and COB2 are much lower than in primitive mantle, suggesting that Nb and Ta are not incompatible during mantle melting and the production of COB1 and COB2, or that the mantle was already depleted in these elements when the melting to generate COB began. The latter scenario might not be possible because the POB source was not depleted. In the former scenario, however, the possible residual phases in harzburgite or dunite, which are olivine, spinel and orthopyroxene, cannot host Nb and Ta and, moreover, cannot fractionate Zr from Hf, and Nb fromTa. Hofmann (1988) discussed Nb and Ta anomalies observed in average continental crust and MORB. He concluded that the anomalies could be explained if Nb and Ta have relatively large partition coefficients during continental crust production and smaller coefficients during oceanic crust production. Partition coefficients for Nb and Ta are apparently higher than unity in some amphiboles and phlogopite; thus, if a partial melt separates from its residue within the stability field of such amphiboles or phlogopite, the negative Nb^Ta anomaly could be produced by magmatic processes (Hofmann, 1988) . Ionov & Hofmann (1995) have reported the existence of Nb^Ta-rich mantle amphiboles and micas. They also suggested that the amphibole and phlogopite have a strikingly broad range of Nb/Ta; in particular, Nb/Ta values in the mantle phlogopite range from 19 to 54 (Ionov & Hofmann, 1995) . Gregoire et al. (2000) studied Type I mantle xenoliths from the Kerguelen Islands and showed that phlogopite contributes Ba, Nb, Ta and Ti to the bulkrock, in which Nb and Ta contents range from 38 to 98 ppm and from 1·4 to 6·2 ppm, respectively. Phlogopite is commonly found in harzburgite and spinel lherzolite and less commonly in plagioclase lherzolite in the Horoman complex (Arai & Takahashi, 1989) . The modal abundance of phlogopite in the Horoman peridotites is extremely variable; however, it is not the product of very low-temperature alteration because it never coexists with serpentine. Phlogopite in the Horoman complex peridotite has a replacement texture; it mainly replaces olivine and orthopyroxene (Arai & Takahashi, 1989) . Moreover, the spinel lherzolite and harzburgite of the Horoman complex are more depleted in HREE compared with the most primitive Horoman lherzolite, consistent with different degrees of partial melting, but are not depleted in Nb (Takazawa et al., 2000) . Phlogopite can be produced above a subducting slab by reactions between a hydrous K-rich fluid and peridotite (Sato et al., 1997; Konzett & Ulmer, 1999) . Such K-rich melts and fluids originate from the melting of phengite (Vielzeuf & Schmidt, 2001; Tamura et al., 2007) . Phlogopite could coexist with olivine AE orthopyroxene and melt at temperatures of 1300^13508C and pressures of 2^3 GPa in the absence of a gas phase (Yoder & Kushiro, 1969; Sato et al., 1997) . Enggist et al. (2012) studied the phase relations of phlogopite with magnesite from 4 to 8 GPa. Below the solidus, phlogopite coexists with magnesite, pyrope and a fluid. At the solidus, magnesite is the first phase to react out, and enstatite and olivine appear. Phlogopite melts over a temperature range of $1508C. At 13508C and 4 GPa, olivine, enstatite, pyrope and melt coexist with phlogopite (Enggist et al., 2012) . When the melting conditions are 'dry' as is the case for POB, phlogopite would not be present and Nb and Ta would become highly incompatible. It is possible that the highly depleted residual mantle wedge of the subduction zone could comprise phlogopite-bearing dunite and harzburgite.
C O N C L U S I O N S
Subduction zone magmas that erupt at the surface are produced, processed and modified in the so-called 'subduction factory', which consists of the subducting slab, mantle wedge and the overlying arc crust. We have recovered and studied primitive basalt lavas from Pagan Volcano in the Mariana oceanic arc, and our findings have been attributed to each of the three parts of the subduction factory, which we describe as 'Mission Immiscible', 'Mission Invisible' and 'Mission Inevitable', respectively (Fig. 15) . Mission Immiscible involves the subduction components, derived from the subducting slab below the volcanic front at a depth of $100 km, which consist of hydrous carbonate melt (carbonatite) and silicate melt (sediment melt). The expanded miscibility gap between hydrous carbonatite and sediment silicate melt at high pressure results in the coexistence of two subduction components that are added separately to the magma source mantle diapir, resulting in two different primary magmas. Mission Invisible involves the highly depleted residual mantle wedge of the subduction zone, composed of phlogopite-bearing dunite and harzburgite, which depletes Nb, Ta, Zr and Hf, and fractionates Nb from Ta, and Zr from Hf in arc magmas. Mission Inevitable describes the assimilation of crust by arc magmas when they evolve; this is inevitable even in an oceanic arc.
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